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Summary
The kinase PAR-1 plays conserved roles in cell polar-
ity. PAR-1 has also been implicated in axis establish-
ment in C. elegans and Drosophila and in Wnt signal-
ing, but its role in vertebrate development is unclear.
Here we report that PAR-1 has two distinct and essen-
tial roles in axial development in Xenopus mediated
by different PAR-1 isoforms. Depletion of PAR-1A or
PAR-1BX causes dorsoanterior deficits, reduced
Spemann organizer gene expression, and inhibition
of canonical Wnt--catenin signaling. By contrast,
PAR-1BY depletion inhibits cell movements and local-
ization of Dishevelled protein to the cell cortex, pro-
cesses associated with noncanonical Wnt signaling.
PAR-1 phosphorylation sites in Dishevelled are re-
quired for this translocation, but not for canonical
Wnt signaling. We conclude that PAR-1BY is required
in the PCP branch and mediates Dsh membrane local-
ization while PAR-1A and PAR-1BX are essential for
canonical signaling to -catenin, possibly via targets
other than Dishevelled.
Introduction
The Wnt signaling pathway is important in pattern forma-
tion during vertebrate embryonic development, but the
relationship between its regulation of nuclear β-catenin
(the canonical pathway) and its noncanonical signaling
pathways remains poorly understood. The kinase
PAR-1, one of a number of intensively studied polarity-
regulating proteins, has been implicated in both canon-
ical and noncanonical (planar cell polarity) Wnt signal
branches (Kusakabe and Nishida, 2004; Sun et al.,
2001). However, its precise function in each of these
critical pathway branches is unclear.
PAR-1 was first identified via nematode genetics. The
par-1 mutant C. elegans, like other par (partitioning*Correspondence: jeremy.green@kcl.ac.uk
3 Present address: Department of Molecular, Cell, and Develop-
mental Biology, Mount Sinai Medical Center, 1 Gustave L. Levy
Place, Box 1020, New York, New York 10029.
4 Present address: Department of Craniofacial Development, Kings
College London, Floor 28, Guy’s Tower, Guy’s Hospital, London SE1
9RT, United Kingdom.defective) mutant embryos, divides symmetrically, with
loss differential cell fate specification (Guo and
Kemphues, 1995; Kemphues et al., 1988). PAR-1 has
conserved roles in cell polarity from invertebrates to
mammals (reviewed in Huynh and St Johnston, 2004;
Pellettieri and Seydoux, 2002; Schneider and Bower-
man, 2003; Wodarz, 2002). Drosophila Par-1 mutants
have defective anterior-posterior (A-P) axes of the oo-
cyte and embryo (Shulman et al., 2000; Tomancak et
al., 2000) and problems with oocyte fate determination
and maintenance (Cox et al., 2001; Huynh et al., 2001).
However, the role of PAR-1 in early vertebrate develop-
ment is not well established.
The PAR-1 protein is a serine/threonine kinase (Guo
and Kemphues, 1995) with diverse phosphorylation
targets. These include nonmuscle myosin in C. elegans
(Guo and Kemphues, 1996), Bazooka (Drosophila Par-3)
(Benton et al., 2002), and RNA-localizing proteins Oskar
(Riechmann et al., 2002) and Exuperantia (Riechmann
and Ephrussi, 2004). PAR-1 regulates the microtubule
cytoskeleton in Drosophila (Doerflinger et al., 2003;
Shulman et al., 2000) and was separately purified in
mammals as microtubule-associated regulatory kinase
(MARK) (Drewes et al., 1997). PAR-1 is thus a versatile
mediator of polarity information within and beyond the
PAR system (Pellettieri and Seydoux, 2002).
PAR-1 was also independently purified as a Dishev-
elled-associated kinase (Sun et al., 2001). Dishevelled
(Dsh) has two main functions. One is as a transducer of
canonical Wnt signaling to β-catenin for transcriptional
activation of target genes in the cell nucleus. The other
is as a component of the planar cell polarity (PCP) path-
way that organizes structures (including fly wing hairs,
sensory bristles, and ommatidia) to have a consistent
direction in the plane of an epithelium (Adler, 2002). The
convergent extension movements of gastrulation in
vertebrates are regulated by an apparently homologous
pathway (Axelrod and McNeill, 2002; Mlodzik, 2002).
The precise mechanism of action of Dsh in either ca-
nonical Wnt signaling or PCP is not well understood
(Dominguez and Green, 2001; Wharton, 2003).
Whereas PAR-1 has been reported to be required for
canonical Wnt-β-catenin signaling in Drosophila and
mammalian cells (Sun et al., 2001), recent RNAi studies
in Drosophila cells cast some doubt on this conclusion
(Matsubayashi et al., 2004). Moreover, a recent paper
has suggested that PAR-1 depletion in Xenopus does
not affect known targets of canonical Wnt signaling
that are expressed in the Spemann organizer, but rather
is required for convergent extension movements asso-
ciated with PCP signaling (Kusakabe and Nishida,
2004). The literature thus appears contradictory as to
the role of PAR-1 in canonical Wnt signaling.
The present study resolves this contradiction. Here
we show that PAR-1 is essential in vivo for both estab-
lishment of the organizer as well as for convergent ex-
tension, but that these two functions—outputs of the
different branches of the Wnt pathway—are mediated
by different isoforms of the PAR-1 kinase. We further
show that PAR-1 target sites in Dsh are essential for
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hto the cell cortex but not for Dsh activity in the canoni-
cal Wnt-β-catenin pathway. Steady-state localization of t
fDsh to the cell cortex is associated with PCP signaling,
and its regulation is not well understood. We conclude s
ithat there are two classes of PAR-1 kinase, each asso-
ciated with a specific branch of the Wnt pathway. i
t
tResults
p
SPAR-1 Isoforms in Vertebrate Genomes
There are four PAR-1 loci in sequenced vertebrate ge- s
onomes of Xenopus tropicalis, zebrafish, chicken,
mouse, and human (2004 assemblies at http://genome. l
rucsc.edu/) corresponding to MARK1 through MARK4
(Drewes et al., 1997; Peng et al., 1998; Trinczek et al., k
t2004). This study focuses on PAR-1A (MARK3) and
PAR-1B (MARK2). PAR-1B is expressed in several spe- t
scies as distinct splice isoforms that differ in the inclu-
sion or omission of a small conserved exon in the t
spacer region (Figure 1A, see Supplemental Figures S1
and S2 available with this article online). This region m
pincludes a serine whose phosphorylation is regulated
by atypical protein kinase C and which may therefore r
sbe important in polarity functions of PAR-1 (Hurov et
al., 2004; Kusakabe and Nishida, 2004; Suzuki et al., e
a2004). PAR-1 is asymmetrically localized to the basolat-
eral domain in Drosophila cells, and its spacer region sFigure 1. PAR-1 Antisense Morpholino Oligonucleotides Inhibit Translation of PAR-1 RNA In Vitro and Deplete PAR-1 In Vivo
(A) The domain structure of Xenopus PAR-1 kinases showing the N-terminal domain (N); catalytic domain (kinase; gray); ubiquitin-associated
domain (UBA); spacer region; and tail domain characteristic of PAR-1 proteins (gray box). Also indicated are an aPKC-regulated phosphoryla-
tion site present in all isoforms (threonine, T) and one found exclusively in a small conserved exon in one of the isoforms (serine, S) that we
here designate PAR-1BY. The table indicates percent amino acid identities in each domain.
(B–D) PAR-1 MOs strongly inhibit translation of their target mRNAs. (B) and (C) are autoradiographs from TnT reticulocyte lysates. (D) is a
Western blot of microinjected embryo lysates. (D) includes controls for noninhibition of PAR-1A and PAR-1BX protein synthesis by PAR-1BY
MO (lane 3, middle, and lane 7, bottom) and specificity of the antibodies as indicated.
(E and F) Isoform-specific depletion seen in Western blots of stage 10–10.5 embryo lysates immunoblotted with anti-PAR-1 antibodies. Anti-
tubulin signals control for loading. (E) PAR-1BX MO (20 ng per embryo) reduces the amount of overexpressed (left) and endogenous (right)
PAR-1BX protein in vivo, but not of PAR-1A or α-tubulin. Control MO (20 ng per embryo) does not affect PAR-1 protein levels. (F) PAR-1A MO
(80 ng per embryo) does not affect protein levels of PAR-1BX. Electrophoretic mobility of endogenous PAR-1A and PAR-1B corresponds to
that of corresponding overexpressed untagged PAR-1 isoforms (rightmost lane).s required for this localization (Vaccari et al., 2005). We
ere designate the PAR-1B splice isoform that omits
his serine-containing exon as PAR-1BX and the iso-
orm that includes it as PAR-1BY (Kusakabe and Ni-
hida, 2004; Ossipova et al., 2002). PAR-1A is divergent
n this part of the protein and is therefore like PAR-1BX
n lacking the conserved sequence. In Xenopus laevis,
he cloned PAR-1BX and -BY isoforms also differ at
heir N termini and at a number of amino acid sites dis-
ersed throughout the protein (Supplemental Figure
1). This suggests either that the gene is encoded at a
ingle locus and these differences are polymorphisms
r that the different splice isoforms (encoded at a single
ocus in Xenopus tropicalis) have been fixed as sepa-
ate loci in Xenopus laevis, perhaps during the well-
nown allot etraploidization of this species. Impor-
antly, the PAR-1BX and PAR-1BY difference at the N
erminus enabled us to develop and use specific anti-
ense morpholino oligonucleotides specific to each of
hese isoforms (Supplemental Figure S1).
Xenopus PAR-1A and PAR-1BX are both expressed
aternally and zygotically in an indistinguishable
attern (Ossipova et al., 2002). Their transcripts are en-
iched in the animal hemisphere of the egg in cleavage-
tage embryos and later in the neurectoderm. PAR-1BY
xpression has been reported as ubiquitous maternally
nd zygotically (Kusakabe and Nishida, 2004). The con-
ervation of different forms of vertebrate paralogs of
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function in different developmental processes.
Endogenous PAR-1 Activity Is Required
for Dorsoanterior Development
To determine the function of PAR-1 kinases in embryo
development, we depleted the proteins in vivo by mi-
croinjection of isoform-specific morpholino antisense
oligonucleotides (MOs) (Heasman et al., 2000) to inhibit
the translation of the PAR-1 mRNAs (Supplemental Fig-
ure S1). The PAR-1BY MO is identical to that described
and validated by Kusakabe and Nishida (2004). We
tested translation-blocking efficacy of the PAR-1 MOs
against each of the isoforms and found that each was
effective against the relevant target RNA (Figures 1B–
1D) but did not block translation of either of the others
(Figures 1D–1F). We raised antibodies that enabled us
to confirm specific depletion of endogenous PAR-1BX
by PAR-1BX MO (Figures 1E and 1F). Since each pro-
tein is expressed maternally, depletion was limited by
degradation of the maternal stockpile.
PAR-1A MO and PAR-1BX MO injections resulted in
a dose-dependent decrease in body axis length and
reduced dorsoanterior index (Figures 2A–2C, 2H, and
2I; Kao and Elinson, 1988). These defects mimic partial
ventralization caused by embryo exposure to ultravioletFigure 2. Different PAR-1 Isoform-Specific Depletion Phenotypes Are Partially Rescued by Wild-Type PAR-1 Expression
(A–D) PAR-1A and PAR-1BX MO-induced loss of dorsoanterior structures. Embryos were injected as indicated into two dorsal blastomeres
at the 4-cell stage (2/4D) and cultured until stage 37/40. PAR-1A MO- or PAR-1BX MO-injected embryos have shorter axes and reduced eye
pigmentation, cement glands, and heads. PAR-1A MO-induced defects are partially rescued by myc-tagged PAR-1A WT. Doses of injected
MOs and mRNAs are per blastomere.
(E–G) PAR-1BY MO injection shortens body axis without affecting cement gland and eyes. PAR-1BY MO-induced axis shortening is partially
rescued by coinjection of myc-tagged PAR-1BY WT.
(H–J) Quantitation of PAR-1 MOs effects and rescues. DAI is according to Kao and Elinson (1988). The PAR-1BY MO-induced phenotype
cannot be scored on the DAI scale but can be compared with the PAR-1A and -BX MO-induced phenotypes by scoring the presence of eye
and cement gland (I) (both were present or absent together in >90% of embryos). Normal axis length (J) was defined as >4 mm at that stage
40. Numbers of injected embryos are shown above the bars.light (UV). Neither ventral injections nor control morpho-
linos had any overt effects (Supplemental Figure S3 and
data not shown). Combinatorial injection of MOs was
limited by the total amount that could be injected with-
out nonspecific effects. Strikingly, PAR-1BY MO caused
a different phenotype: severe shortening and dorsal
curvature of the axis, with reduction but not loss of the
cement gland and eye (Figures 2F, 2I, and 2J). This phe-
notype is characteristic of defects in convergent exten-
sion movements of gastrulation (Sokol, 1996; Wall-
ingford et al., 2002) and is consistent with Kusakabe
and Nishida (2004). This phenotype is not typically seen
with embryos ventralized by UV or by PAR-1A and -BX
MO injection at any effective dose (Figure 2I and data
not shown).
To control for the specificity of the phenotypes, we
performed rescue experiments. In addition to the nor-
mal limitations of rescue injection (i.e., the inability to
match the endogenous timing and localization of gene
expression), PAR-1 rescue was especially problematic
because its overexpression disrupts convergent exten-
sion movements (see below). Nonetheless, we were
able to partially rescue each of the phenotypes by coin-
jection of MO-resistant mRNAs for each PAR-1 isoform
(Figures 2D and 2G–2J). Together, these results indicate
that PAR-1A and -BX proteins have specific essential
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Mis required in convergent extension.
The MO-induced phenotypes suggest that PAR-1A a
sand PAR-1BX function in specification of the Spemann
organizer while PAR-1BY acts later. To test this idea, 1
wwe performed in situ hybridization analysis of organizer
gene expression. As expected, PAR-1A or PAR-1BX 3
gMOs significantly reduced expression of Xnr3, chordin,
goosecoid, and Otx-2 (Figures 3A and 3C and data not TFigure 3. PAR-1A and PAR-1BX but Not PAR-1BY Depletion Reduces Expression of Organizer Genes
(A) PAR-1A and PAR-1BX MOs inhibit organizer-specific expression of Xnr3 and chordin while Control MO and PAR-1BY MO do not. Embryos
were injected with the amount of MO per embryo given in panel (C) at the 4-cell stage in both dorsal blastomeres. Arrows indicate the
approximate injection site; light blue stain visible in some panels is due to staining for coinjected of βGal RNA (50 pg) used as a lineage tracer.
(B) Control MO, PAR-1A MO, and PAR-1BY MO have little effect on expression of ventrolateral marginal zone marker gene Xvent-2 or pan-
mesodermal marker Xbra. Embryos are shown in vegetal view, dorsal at the top at stage 10.5–11, except for PAR-1BY MO-injected embryos
in (B), which are stage 12.
(C) Penetrance of the effects of PAR-1 MOs on organizer genes assayed in situ, including goosecoid and Otx-2 as well as those shown in (A).
Doses of PAR-1 MOs are shown at the bottom of the histogram are per embryo. Control MO does not noticeably affect development of these
markers. Numbers of injected embryos are shown above the bars.hown). By contrast, neither control MO nor PAR-1BY
O inhibited organizer gene expression (Figures 3A
nd 3C; see also Kusakabe and Nishida, 2004). Expres-
ion of the ventrolateral gene Xvent-2 (Gawantka et al.,
995) and the mesodermal Xbra (Smith et al., 1991)
ere not noticeably affected by any of the MOs (Figure
B and data not shown), showing that this is not a
eneral gene expression or mesoderm induction effect.
he inhibition of organizer-specific genes by dorsal de-
Distinct Dsh-Localizing and Organizer PAR-1 Types
833pletion of PAR-1A and -BX was partially rescued by
coinjection with MO-resistant myc-PAR-1 mRNA (Fig-
ure 4).
PAR-1 Isoform-Specific Regulation
of -Catenin Signaling
Because in situ hybridization is not reliably quantitative
and because a limited set of organizer markers can al-
ways be questioned, we assayed directly the effects of
PAR-1 depletion on the activation of endogenous
β-catenin, which is necessary and sufficient for orga-
nizer formation (Wylie et al., 1996). Its activated form
is detectable by Western blot (van Noort et al., 2002;
Ossipova et al., 2003). We found that PAR-1A MO and
PAR-1BX MOs inhibit endogenous β-catenin activation
in this assay while PAR-1BY MO does not, even at
doses that produce a similarly severe and penetrantFigure 4. Rescue of the Inhibition of Organizer Gene Expression in PAR-1-Depleted Embryos by PAR-1 mRNA
(A) Organizer gene inhibition by PAR-1 MOs rescued by corresponding RNA injection. Embryos were injected with the indicated MOs as in
Figure 5 with or without 350 pg per blastomere of the indicated MO-resistant myc-tagged RNAs. Stage 10.5–11 embryos are shown in vegetal
view, dorsal at the top. PAR-1 RNA injection results in the modest expansion of their expression domain (right) relative to controls.
(B) Quantitation of rescue of PAR-1 MO-induced inhibition of organizer marker genes by PAR-1 mRNA. Expression of gsc and chordin was
analyzed in embryos injected with PAR-1A MO (40 ng per blastomere), and expression of Xnr3 was analyzed in PAR-1BX MO-injected samples
(10 ng per blastomere). The corresponding PAR-1 mRNA was injected at 350 pg per blastomere.phenotype (Figures 5A–5C). This confirms a specific
role for endogenous PAR-1A and -BX isoforms on orga-
nizer specification and the differential effect of PAR-
1BY depletion.
We also tested the impact of PAR-1 overexpression
on β-catenin-responsive luciferase reporter constructs.
We found that, when highly overexpressed, all of the
PAR-1 isoforms potentiate Wnt- and Dsh-induced acti-
vation of the reporters but did not activate the reporters
on their own (Figure 5). The activation depends on the
presence of TCF/LEF binding sites in the reporter (Fig-
ures 5D and 5E and data not shown). PAR-1 overex-
pression also elevates expression of organizer genes in
vivo as assayed by RT-PCR (data not shown). These
results confirm the previous study implicating PAR-1 in
canonical Wnt signaling (Sun et al., 2001) but also show
that overexpression assays conceal functionally signifi-
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(A–C) Effects of PAR-1 isoform-specific depletion on endogenous activated (nonphosphorylated) β-catenin seen by Western blots of embryo
extracts at stage 10–10.5. The equatorial region of the 2-cell stage embryos was injected with MOs as indicated (doses per blastomere). Note
a decrease in β-catenin levels after injection of PAR-1A MO (A) or PAR-1BX MO (B) but not PAR-1BY MO (C). The blots were reprobed with
anti-α-tubulin antibody to ensure equal loading.
(D) All three PAR-1 isoforms potentiate Wnt and Dsh signaling to a β-catenin-responsive reporter. Histograms show results of luciferase
assays in Xenopus embryos injected into the ventral animal regions at 4-cell stage with β-catenin-responsive reporter DNA −833 bp SiaLUC
and the indicated mRNAs at the doses shown (per embryo). Values shown are averages (± standard deviation) of triplicate samples of five
embryos and are representative of at least three independent experiments.
(E) PAR-1-dependent β-catenin reporter activity is TCF/LEF dependent. The TOPFLASH reporter (which contains wild-type TCF/LEF sites) is
activated by Dsh overexpression and is further stimulated by PAR-1A, whereas the FOPFLASH control construct (which contains mutated
TCF/LEF-nonbinding sites) is not affected by either coinjected RNA.
(F and G) Xwnt-8-induced reporter activity is inhibited by PAR-1BX MO and rescued by coinjection of wild-type PAR-1A or PAR-1BX mRNA.
Note that control GFP mRNA fails to rescue PAR-1BX MO, indicating that the rescue is not a nonspecific RNA effect.
(G) PAR-1BX MO inhibits Xdsh-induced reporter activation.
(H) Xwnt-8-induced reporter activity is not significantly affected by the PAR-1BY MO at doses (10 ng per blastomere) that affect the gross
embryonic phenotype (see Figure 2F), whereas the PAR-1BX MO at the same and similarly phenotypically active dose (Figure 2C) reduces it.
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forms.
As expected, PAR-1A and -BX MOs inhibited reporter
activation by Wnt and Dsh, and this effect could be
rescued by MO-resistant forms of either RNA (Figures
5F and 5G and data not shown). By contrast, PAR-1BY
MO caused no significant inhibition of the reporter at
doses that significantly disrupt convergent extension
(Figure 5H). Thus, although depletion of each of the
PAR-1 isoforms gives axial defects, both the gross phe-
notypes and the effects on canonical Wnt-β-catenin
signaling are easily distinguished.
PAR-1 Is Sufficient and Necessary for Proper
Dishevelled Localization to the Cell Cortex
Overexpression of any of the PAR-1 isoforms produced
convergent extension defects, both in whole embryos
and activin-induced animal cap explants (Supplemental
Figures S3A and S3B and data not shown, also Kusa-
kabe and Nishida, 2004), confirming that isoform differ-
ences can be overwhelmed by overexpression. Con-
vergent extension in animal caps from either PAR-1BX-
or PAR-1A-depleted embryos was partially inhibited at
high MO doses (Supplemental Figures S4C and S4D).
We therefore could not rule out some role for PAR-1A
and PAR-1BX in convergent extension as well as ca-
nonical Wnt signaling.
To provide a more discriminating assay for the mech-
anism of action of PAR-1 isoforms, we analyzed their
roles in the localization of Dishevelled (Dsh). In unstim-
ulated cells, Dsh is localized to cytoplasmic vesicles
(Axelrod et al., 1998; Capelluto et al., 2002; Yanagawa
et al., 1995). Upon Wnt signaling or Frizzled overexpres-
sion, Dsh becomes phosphorylated and appears at the
cell cortex (Axelrod et al., 1998; Boutros et al., 2000;
Yanagawa et al., 1995). Steady-state localization of Dsh
to the cell cortex is required for noncanonical Wnt sig-
naling and can be uncoupled from canonical signaling
by mutations in Dsh that affect cortical localization but
not β-catenin levels (Axelrod et al., 1998; Boutros et al.,
1998; Rothbacher et al., 2000).
Consistent with the differences in their roles in the
two Wnt pathway branches, depletion of the different
PAR-1 isoforms has different effects on Dsh localiza-
tion. PAR-1A MO and PAR-1BX MO at doses that inhibit
canonical Wnt signaling had no noticeable affect on
Frizzled-driven GFP-Dsh localization (Figure 6A, panels
1–3). PAR-1BY MO at doses that have no effect on ca-
nonical Wnt signaling strongly inhibits Dsh relocaliza-
tion, giving a punctate vesicular pattern (Figure 6A,
panel 4) like that of unstimulated cells (Figure 6B, panel
1). This demonstrates that PAR-1 proteins play an
essential role in Dsh localization. It also demonstrates
a significant functional difference between PAR-1 iso-
forms, since even the combined physiological expres-
sion of PAR-1A and PAR-1BX is insufficient to compen-
sate for the depletion of PAR-1BY.
It might be argued that localization of Dsh by PAR-1
could be due to some effect on cell architecture rather
than be directly related to a role in noncanonical signal-
ing. We therefore tested the effects of PAR-1 depletion
on c-Jun N-terminal kinase (JNK) activity, a commonly
used assay for noncanonical Wnt signaling (e.g.,McKay et al., 2001; Park and Moon, 2002). Depletion of
PAR-1 upregulated JNK activity (Figure 6B), consistent
with PAR-1 overexpression experiments in which such
activity was suppressed (Sun et al., 2001). Interestingly,
PAR-1BY MO had a much greater effect on JNK activa-
tion compared to other PAR-1 MOs, consistent with its
selective effect on Dsh membrane recruitment (Figure
6A). Since JNK has been implicated in the control of
convergent extension movements (Yamanaka et al.,
2002), activation of JNK in PAR-1BY-depleted cells fur-
ther supports our conclusion that PAR-1BY preferen-
tially regulates these movements via noncanonical sig-
naling.
We found that all the forms of PAR-1, like XFz8, are
sufficient (even in the absence of a Wnt signal) to drive
GFP-Dsh to the cell cortex when overexpressed in Xen-
opus animal cap explants (Figure 6C, panels 3–5). This
is a PAR-1 kinase-activity-dependent effect since a ki-
nase-dead mutant (PAR-1AKD) is unable to recruit
GFP-Dsh to the cell cortex (Figure 6C, panel 6). Instead,
it gives a more diffuse cytoplasmic pattern of GFP-Dsh
compared to controls (Figure 6B, panel 6 versus 1). This
failure to localize Dsh to the cell cortex is not because
of a failure of the PAR-1 kinase-dead mutant to be cor-
rectly localized, since like the wild-type protein, it is
found at the cell cortex (Figure 6D). Thus, PAR-1 kinase
is both necessary and sufficient for relocalization of
Dsh from cytoplasmic vesicles to the cell cortex.
PAR-1-Dependent Phosphorylation Sites in Dsh Are
Essential for Its Proper Localization to the Cell
Cortex but Not for Canonical Wnt Signaling
Since PAR-1 phosphorylation of Dsh has been reported
to be associated with canonical signaling (Sun et al.,
2001), we wanted to test whether or not this phosphor-
ylation is required for Dsh cell cortical localization. We
confirmed in vitro that PAR-1 wild-type kinase phos-
phorylates Xenopus Dsh while a PAR-1 kinase-dead
mutant does not (Figure 7A; Sun et al., 2001). We then
determined that the kinase activity of PAR-1A, as mea-
sured by autophosphorylation of immunoprecipitated
wild-type versus a kinase activation loop mutant of
PAR-1A, myc-PAR-1T211A, is stimulated by Wnt8 (Fig-
ure 7B; Sun et al., 2001). In addition, we found that Xen-
opus Frizzleds, including both canonical- (Xfz8 [Itoh et
al., 1998]) and noncanonical- (Rfz2 [Yang-Snyder et al.,
1996], Xfz3 [Deardorff et al., 2001; Shi et al., 1998]) sig-
naling-associated Frizzleds stimulate PAR-1 kinase ac-
tivity (Figure 7B and data not shown). We then made a
mutant of Dsh lacking the six serine and two threonine
residues (Dsh ST>A), (Figure 7C) previously identified
as possible phosphorylation sites for PAR-1 (Sun et al.,
2001). We confirmed in vitro that Dsh ST>A mutant
shows significantly reduced phosphorylation by PAR-
compared to wild-type Dsh (Figure 7D).
When the PAR-1 phosphorylation site mutant of Dsh
is expressed in vivo, unlike wild-type Dsh, it is poorly
translocated from vesicles to the cell cortex by Friz-
zled-8 or PAR-1 overexpression. Wild-type Dsh disap-
pears completely from cytoplasmic vesicles and shows
up in a thick, smooth layer at the cell cortex (Figure
7E, panel 2 versus 1), whereas the mutant Dsh remains
largely in vesicles, either in the cytoplasm or thinly dis-
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(A) PAR-1BY but not PAR-1A or -BX depletion blocks Frizzled-stimulated GFP-Xdsh translocation. (1) In response to Xfz8 (1 ng), GFP-Xdsh
WT (750 pg) is redistributed from cytoplasmic vesicles (see panel C1) to the membrane, and this process is not affected by coinjection of a
Control MO (80 ng/blastomere). (2 and 3) Neither PAR-1A MO nor PAR-1BX MO affects XFr8-induced localization of GFP-Xdsh to the mem-
brane. (4) By contrast, GFP-Xdsh localization to the membrane is completely blocked by coinjection of PAR-1BY MO, and it shows a punctate
cytoplasmic pattern.
(B) Activation of JNK by different PAR-1 MOs analyzed in embryonic lysates by in vitro phosphorylation of GST-c-Jun(1-35). Four animal
blastomeres at the 4- to 8-cell stage were injected with MOs (doses indicated are total per embryo), and lysates were collected at stage 10.5
for kinase activity determination using anti-phospho-specific c-Jun antibodies. Note that PAR-1BY MO strongly activates JNK, whereas PAR-
1A MO and PAR-1BX show modest effects when each is injected at doses at which PAR-1A MO and -BX MO inhibit canonical Wnt signaling
and PAR-1BY MO does not. Results represent four independent experiments.
(C) PAR-1 isoforms recruit GFP-Xdsh to the cell membrane. (1) GFP-Xdsh (700 pg per embryo) in animal cap cells is localized predominantly
to vesicles in the cytoplasm. (2) In response to XFz8 (1 ng per embryo), GFP-Xdsh relocalizes to the cell membrane. (3–5) Overexpression of
PAR-1, PAR-1BX, or PAR-1BY (400 pg) redistributes GFP-Xdsh to the cell membrane. (6) By contrast, PAR-1A kinase-dead (KD) mutant does
not affect the localization of GFP-Xdsh.
(D) PAR-1 localization is not kinase activity dependent since localization of GFP-PAR-1A WT and kinase-dead mutant (1 and 2) (1 ng each)
are both primarily present at the cell membrane as well as in somewhat diffuse pattern in cytoplasmic and nuclear compartments. GFP-PAR-
1BX WT and GFP-PAR-1BX KD are similarly distributed (data not shown).tributed like beads on a string at the cell cortex (Figure y
f7E, panel 4 versus 3). This is not an expression-level
effect since mutant and wild-type Dsh were expressed p
Wequally well (data not shown). A similar failure to trans-
locate from vesicles to the cell cortex has been ob- c
mserved in the Dsh1 mutant allele of Drosophila Dsh
(Dsh1) in Drosophila that is specifically defective in
mPCP signaling (Axelrod et al., 1998). Notably, this allele
is mutated in the DEP domain of the Dsh protein, W
mwhereas our data show that PAR-1 regulates phosphor-lation sites outside the DEP domain that are essential
or Dsh translocation. Together, our results help to ex-
lain why PAR-1BY is essential for the noncanonical
nt signaling associated with Dsh cell cortical translo-
ation, JNK regulation, and convergent extension
ovements in the embryo.
We tested the same PAR-1-phosphorylation-site Dsh
utant (Dsh ST>A) in the reporter assay for canonical
nt-β-catenin signaling. We observed that Dsh ST>A
utant functions equally well as wild-type Dsh in β-cate-
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Canonical Wnt-β-Catenin Signaling
(A) Phosphorylation of wild-type Xdsh by PAR-1 WT in vitro. Autoradiography (upper image) reveals kinase activity while anti-myc immunoblot
(lower image) indicates protein expression. PAR-1A WT is strongly autophosphorylated (lanes 1 and 3), whereas PAR-1 KD shows little
autophosphorylation (lane 2). Lane 3, PAR-1 WT phosphorylates Xdsh, whereas PAR-1 KD does not (lane 4). Lane 5, Xdsh shows undetectable
basal phosphorylation.
(B) PAR-1 kinase activity is stimulated by both Frizzled and Wnt signaling. PAR-1 kinase activity was assayed by measuring PAR-1 autophos-
phorylation in myc-PAR-1-immunoprecipitates from embryos injected with Wnt8 or different Fz mRNAs. Kinase activity (autophosphorylation)
of myc-PAR-1AWT is increased by coexpressed Wnt8 (lane 4), XFz8 (lane 2), and Rfz2 (lane 3) compared to myc-PAR-1A WT expressed alone
(lane 1). A catalytically inactive mutant of PAR-1A (myc-PAR-1A T211A) (Timm et al., 2003) shows background phosphorylation (lane 5).
(C) Domain structure and sequence alignment of PAR-1 phosphorylation site in Xenopus Dsh (Xdsh) with Drosophila Dsh protein. The PAR-1
phosphorylation site (black box) and adjacent basic region (B) are indicated. Protein sequence alignment of Dsh from frog and fly shows that
serine and threonine residues are conserved. The eight serine and threonine residues mutated to alanine are marked by asterisks.
(D) Mutations in myc-Xdsh ST>A abrogate almost all PAR-1-dependent phosphorylation. Myc-Xdsh WT and myc-Xdsh ST>A were incubated
with either myc-PAR-1A WT or kinase-dead myc-PAR-1A KD, and kinase reactions were performed in vitro as in (A) above. Autoradiography
(upper image) reveals kinase activity while anti-myc immunoblot (lower image) indicates protein expression. PAR-1A WT strongly phosphoryl-
ates Xdsh WT (lane 2), whereas Xdsh ST>A mutant shows significantly reduced phosphorylation (lane 5) that is comparable to background
phosphorylation of Xdsh WT (lanes 1 and 3). Note that Xdsh WT and Xdsh ST>A mutant are present at the same levels in the kinase reaction
(lower panel). Autophosphorylation of PAR-1 is not shown, although it can be seen after longer exposure.
(E) Dsh PAR-1 phosphorylation site mutation affects XFz8-dependent localization. Both GFP-Xdsh wild-type and Xdsh ST>A mutant are
detected in form of cytoplasmic vesicles (panels 1 and 3). Wild-type GFP-Xdsh is recruited to the cell membrane by Xfz8 and shows strong
membrane localization and no vesicular staining (panel 2), whereas PAR-1 phosphorylation site mutant GFP-Xdsh ST>A remains largely
associated with vesicles in the presence of Xfz8 with reduced and still vesicular fluorescence at the cell membrane (panel 4).
(F) Xdsh ST>A mutation does not affect ability of Xdsh to activate reporter, as compared to activity of Xdsh wild-type.
(G) Potentiation by PAR-1A WT of XDsh ST>A mutant-induced β-catenin reporter activation. The ST>A mutation does not affect ability of
Xdsh to activate the reporter or its ability to be potentiated by PAR-1A WT.
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tprisingly, PAR-1A can potentiate β-catenin reporter ac-
tivity induced by DshST>A mutant (Figure 7F), even D
lthough PAR-1A does not phosphorylate this mutant
(Figure 7G). This result suggests the possibility that ca- i
Dnonically acting PAR-1 isoforms act via other targets in
the Wnt-β-catenin pathway and that phosphorylation of f
RDsh by PAR-1 may not be essential for canonical sig-
naling. P
r
DDiscussion
f
WSince the identification of PAR-1 as a Dishevelled-asso-
Wciated kinase, its precise role in Wnt signaling has been
nunclear. The question remains as to whether phosphor-
tylation of Dsh by PAR-1 kinase is an essential process
min Wnt-β-catenin signal transduction. Our results show
cthat the role of PAR-1 in Wnt signaling is complex and
cisoform dependent. We identified isoforms PAR-1A and
lPAR-1BX that exert effects primarily on canonical Wnt
lsignaling and that are physiologically essential in the
pXenopus embryo for establishment of the organizer.
This is an important finding because although PAR-1
Ehas previously been implicated in canonical Wnt signal-
ing, its importance for endogenous Wnt signaling was
E
ambiguous. We also show that a mutated Dishevelled F
that lacks PAR-1 sites is capable of driving a canonical s
β-catenin signal, which is still further potentiated by f
coverexpressed PAR-1. This raises the possibility that
ePAR-1 acts on other components of the Wnt pathway
that remain to be identified. Consistent with this notion,
Athree other Dsh kinases in the canonical Wnt pathway,
Mnamely CKIα, CKI, and CKII (McKay et al., 2001; Peters
M
et al., 1999; Willert et al., 1997), have alternative sub- 5
strates in addition to Dsh, namely β-catenin (Liu et al., G
C2002; Song et al., 2003), APC (Rubinfeld et al., 2001),
Mand TCF3 (Lee et al., 2001), respectively.
(A third PAR-1 isoform, PAR-1BY, differs from the
mother two in its role in vivo, being required for con-
vergent extension but not for canonical Wnt signaling
T
or organizer formation. The PAR-1B isoforms differ by a
only 10% at the amino acid level, but most of this differ- D
ence is concentrated at the N terminus and in the f
(spacer region around serine 646. The amino terminus
wof PAR-1BX is present in the Xenopus tropicalis homo-
tlog but is not conserved outside the Xenopus genus.
The spacer differences are seen in sequenced verte-
Pbrates as alternative splicing of exons that are con-
R
served, although whether this is the case in Xenopus P
laevis in particular will remain unknown until its genome A
1is sequenced.
sFinally, our data reveal a critical mechanism of action
aof PAR-1 in regulating Dsh, namely its translocation
ffrom cytoplasmic vesicles to the cell cortex. This trans-
b
location is typically concomitant with noncanonical s
PCP signaling, and indeed we show that PAR-1 is not m
just sufficient for JNK regulation (as shown by the over-
sexpression studies of Sun et al. [2001]), but is also nec-
[essary endogenously. We show that PAR-1 is sufficient
mand necessary to drive this translocation, that PAR-1
I
kinase activity is activated by Frizzleds, and that the c
kinase activity and its targets in Dishevelled are essen- l
2tial, at least for exit from vesicular structures. Theseindings reveal a pathway leading from Frizzled recep-
ors to elevation of PAR-1 kinase to phosphorylation of
sh on specific serine and threonine residues to trans-
ocation of Dsh from vesicles to the cell cortex. PAR-1
s thus a vertebrate missing link between Frizzled and
sh. The C-terminal DEP domain of Dsh is sufficient
or translocation (Axelrod et al., 1998; Pan et al., 2004;
othbacher et al., 2000). It therefore seems likely that
AR-1-dependent phosphorylation, acting elsewhere,
egulates some protein-protein interaction that retains
sh in the cytoplasm. In Drosophila, Dishevelled iso-
orms lacking the PAR-1 target sites are able to rescue
ingless but not PCP mutants (Penton et al., 2002).
e have identified a mechanism for this phenomenon,
amely that PAR-1 is necessary for Dsh localization to
he membrane and therefore fails to localize such Dsh
utants properly within the cell. Thus, the “noncanoni-
al isoform” of PAR-1 has a role consistent with its
lassification as a polarity protein, albeit planar cell po-
arity rather than the previously reported apicobasal po-
arity. Whether the “canonical PAR-1” isoforms have
olarity roles at all remains to be seen.
xperimental Procedures
mbryo Manipulation and In Situ Hybridization
ertilization, embryo culture, and in situ hybridization followed
tandard methods (Sive et al., 2000) and with published probes as
ollows: Xnr3 (Smith et al., 1995), goosecoid (Blumberg et al., 1991),
hordin (Sasai et al., 1994), Otx2 (Blitz and Cho, 1995), Xbra (Smith
t al., 1991), and Xvent-2 (Dosch et al., 1997).
ntisense Oligonucleotide Experiments
orpholinos (GeneTools, Philomath, OR) were as follows: PAR-1A
O, 5#-G GTC CCC TCG TGC AAG AAC CCT ATT-3#; PAR-1BX MO,
#-C CAA AAA GCA GGT CCC TCT CAT GTA -3#; PAR-1BY, 5#-TCG
CA GCG GTG TCC TGG TGG TCA T-3#; and standard/fluorescent
ontrol MO, 5#-CCT CTT ACC TCA GTT ACA ATT TAT A-3#. PAR-1
Os (20 ng/l of reaction) were tested in vitro using the TnT system
Promega). For embryo microinjection experiments, 5–80 ng of
orpholino per blastomere were used.
emplate Plasmids for RNA Synthesis
nd Embryo Microinjection
etails of plasmid constructions are available upon request. RNA
or microinjection was generated using mMessage mMachine kits
Ambion). Embryos were microinjected in 1/3xMMR 1% Ficoll-400
ith 5 nl RNA per blastomere, kept in this solution for 1–2 hr, and
hen cultured in 0.1xMMR until desired stages.
rotein Analysis
abbit antisera were raised against KLH-coupled PAR-1A and
AR-1BX N-terminal peptides MATRTPLPTVNERDTC and MLEDL
AKHRDQQDSC, respectively, protein-A purified, and used at
:3000 dilution in blocking buffer (1×PBS, 0.1% Tween, 10% goat
erum, 5% milk). Westerns with anti-α-tubulin antibody (Sigma) and
nti-active-β-catenin antibodies (anti-ABC; Upstate) were per-
ormed according to the manufacturer’s instructions. Secondary
lotting and detection were by standard methods. When neces-
ary, the blots were stripped for 15–20 min in 7 M guanidine-HCl, 50
M Tris HCl (pH 8.0), 20 mM DTT, and 2 mM EDTA and reprobed.
For depletion experiments, 5–10 injected embryos were lysed at
tages 10.5–11.5 in 50 l lysis buffer (1% Triton X-100, 50 mM Tris
pH 7.6], 50 mM NaCl, 1 mM EDTA, 0.1 mM PMSF, 10 mM NaF, 1
M sodium orthovanadate, 25 mM β-glycerophosphate, Protease
nhibitor Cocktail Complete [Roche]), and supernatants from 10 min
entrifugation at 13,000 × g were loaded at 0.1–0.5 embryo equiva-
ents per lane on 7%–8% SDS-PAGE gels (Dominguez and Green,
000). Coinjections of mRNAs and MOs used 300 pg of mRNAs
Distinct Dsh-Localizing and Organizer PAR-1 Types
839with 80 ng of PAR-1A MO, 20 ng of PAR-1BY MO, or 20 ng of PAR-
1BX MO.
Luciferase Assay
20 pg luciferase reporter DNA, −833 bp SiaLUC (Fan et al., 1998),
TOP-FLASH, or FOP-FLASH (Upstate) (Korinek et al., 1997) were
injected alone or with mRNAs into the animal region of the two
ventral blastomeres at the 4-cell stage. Luciferase activity of pools
of five embryos homogenized at stage 10.5 in 100 l 10 mM Tris
[pH 7.5] was determined by standard methods (Fan et al., 1998;
Fan and Sokol, 1997; Ossipova et al., 2003). For each experimental
group, the measurement of the luciferase activity was carried out
in triplicate. Averages of triplicate samples are shown with the
standard deviation as error bars.
GFP Fluorescence
RNAs encoding GFP-tagged proteins were injected into the animal
region of 4-cell albino embryos. Animal caps were dissected at
stages 9.5–10.5, fixed in 4% formaldehyde in PBS for 40 min,
washed three times in 1×PBS, and mounted in 70% glycerol, 30%
PBS, 25 mg/ml of diazabicyclo-(2,2,2)-octane (Sigma) anti-fading
agent. Fluorescence was visualized using a Zeiss Axiovert 200M
deconvolution microscope and processed with nearest-neighbor
deconvolution (Slidebook software, Intelligent Imaging Innovations,
Inc., Denver, CO).
PAR-1 Kinase Assays
For phosphorylation of Xdsh-myc by PAR-1A, myc-tagged proteins
were made in vitro using the TnT system (Promega). For PAR-1A/
Frizzled kinase assay experiments, each blastomere of 2-cell em-
bryos was injected with myc-PAR-1WT (300 pg), Wnt8 (30 pg), XFz8
(800 pg), or Rfz2 (700 pg) RNAs singly and in combination, and 15–
20 embryos were harvested at stage 10.5–11 and lysed in 150–200
l lysis buffer as above. TnT reactions and embryo lysates were
precleared with 30 l 50% Protein A-Sepharose (Amersham), 30
min, 4°C before immunoprecipitation with 1–2 g of anti-myc anti-
body (9E10, Roche). After 2 hr at 4°C, samples were mixed with 30
l 50% Protein A-Sepharose and incubated for 1–2 hr at 4°C. PAR-1
kinase reactions we performed as described (Shaw et al., 2004; Su
et al., 1996). In brief, after washing with 0.5 ml lysis buffer three
times and kinase buffer (50 mM Tris [pH 7.5]/10 mM MgCl2/2 mM
DTT, 0.1 mM EGTA, 0.1 mg/mlBSA) once, precipitates were incu-
bated in 30 l kinase buffer containing [γ-32P]ATP for 20 min, 30°C.
The reaction was stopped with 5× SDS-PAGE sample buffer. One-
third to one-fourth of each reaction was analyzed by SDS 8% PAGE
followed by autoradiography or Western blotting with polyclonal
anti-myc antibody. Radioactive phosphate incorporation was ana-
lyzed using a Molecular Dynamics PhosphorImager. Protein detec-
tion was performed using Fluor-S MultiImager and Quantity One
software (BioRad).
Jun Kinase Assay
4-cell embryos were injected into each cell with PAR-1 MOs or con-
trol MO in doses (ng/embryo) that are indicated in Figure 6B. Ly-
sates were prepared at stage 10.5 and kinase reactions were per-
formed as described (Itoh et al., 2005).
Supplemental Data
Supplemental Data include four figures and can be found with this
article online at http://www.developmentalcell.com/cgi/content/
full/8/6/829/DC1/.
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